Introduction {#s0001}
============

RT is one of the mainstays in the treatment of lung cancer. However, delivery of high doses to the tumor is often hampered by the risk of inducing radiation-induced lung injury (RILI). Lung damage due to thoracic radiation comprises acute responses like inflammation and pneumonitis as well as chronic effects such as pulmonary fibrosis.[@cit0001] Despite the increasing use of highly conformal RT techniques, up to 15% of patients develop pneumonitis and consecutively pulmonary fibrosis after chest irradiation.[@cit0005] The exact molecular mechanisms leading to the development of radiation-induced pulmonary fibrosis have not yet been fully identified, but may involve the production of release of pro-inflammatory and proliferative signaling molecules by the affected tissue, resulting in fibroblast replication, invasion of inflammatory cells and deposition of excess extracellular matrix.[@cit0007] Clinical signs of progressive pulmonary fibrosis include increasing dyspnea, deteriorating lung function and accumulation of interstitial fluid, eventually leading to respiratory failure. While steroids and other forms of anti-inflammatory therapy have been established to control acute pulmonary inflammation, no medical therapy for pulmonary fibrosis has been approved for routine clinical use despite the apparent need for an effective treatment.[@cit0009]

Several studies using animal models of radiation-induced pulmonary fibrosis have presented evidence for the involvement of specific growth factors in the pathogenesis of this disease. The PDGF pathway has come into focus as it may be involved in the downstream signaling of various known fibrogenic mediators such as TGFβ, tumor necrosis factor α (TNFα) and interleukin 1.[@cit0002] The PDGF family contains a group of disulfide-bonded homodimers or heterodimers with four potential subunits (PDGF-A, PDGF-B, PDGF-C, PDGF-D) that exert their effects on PDGF receptor (PDGFR) tyrosine kinases α and β.[@cit0012] Inhibition of PDGF-PDGFR signaling in irradiated lung tissue has shown significant improvement of survival and pulmonary fibrosis in animal studies.[@cit0002]

Recent evidence also suggests an involvement of TGFβ in the development of pulmonary fibrosis, and inhibition of the TGFβ receptor (TGFβR) has shown promising results regarding the attenuation of this disease.[@cit0014] The three distinct TGFβ receptor types identified to date (TGFβR I, TGFβR II, TGFβR III) of which TGFβR I and TGFβR II have a dimeric serine/threonine kinases that are activated by the various proteins of the TGFβ superfamily and may be useful targets for an anti-fibrotic treatment in RILI.[@cit0018]

In this study, we investigated the effects of inhibition of the PDGF and TGFβ pathways on the development of radiation-induced pulmonary fibrosis. We used the oral TGFβR I inhibitor galunisertib (LY2157299 monohydrate),[@cit0019] alone or in combination with small-molecule PDGF inhibitors SU9518 and SU14816 (imatinib) in a murine model of RILI and pulmonary fibrosis. Post-irradiation survival and weight loss were assessed for 6 mo, and non-invasive radiological lung imaging by CT and MRI was performed after a single thoracic RT fraction of 20 Gy. Additionally, histology and gene expression patterns of irradiated lung tissue were analyzed to assess a potential benefit of dual pathway inhibition for the attenuation of RILI and pulmonary fibrosis.

Materials and methods {#s0002}
=====================

Animal model and treatment protocol {#s0002-0001}
-----------------------------------

Female fibrosis prone C57BL/6N mice were ordered from Charles River Laboratories (Sulzfeld, Germany). For thoracic RT, animals were anesthetized and treated with a single fraction of 20 Gy using a linear accelerator at a dose rate of 3 Gy/min. All extra-thoracic organs were excluded from the radiation field.

Consecutive drug treatment was administered orally. The selective TGFβRI inhibitor galunisertib (LY2157299 monohydrate, plasma half life \< 24 h[@cit0020]) was kindly provided by Lilly (Indianapolis, USA) and was given twice daily per oral gavage for a duration of 4 weeks. The PDGF receptor inhibitor SU9518 and the imatinib analog SU14816 (plasma half lives of ∼76 h) were kindly supplied by SUGEN (San Francisco, USA) and were given twice weekly per oral gavage until the end of the observation period in order to achieve and maintain a clinically relevant dose as determined by previous studies.[@cit0002] Drug treatment started 2 weeks after thoracic irradiation when acute inflammation had subsided as described earlier. Animals were followed as described below until 24 weeks after irradiation, and lung imaging as well as body weight analysis was performed regularly during this time course as indicated in [Fig. 1A](#f0001){ref-type="fig"}. A total of 170 mice in 12 groups were used. There were six unirradiated control groups (untreated, LY, IM, SU, LY + IM, LY + SU; n = 8--10 mice each) and six irradiated groups (RT, RT + LY, RT + IM, RT + SU, RT + LY + IM, RT + LY + SU, n = 18--20 mice each). In all studies, animal care and use were done in accordance with federal and local laws, policies, regulations, and standards in effect at the time of their conduct, e.g., Animal Welfare Act and Regulations. All study protocols were approved in advance by the respective institutional and governmental animal protection authorities. Figure 1.Combined PDGF and TGFβ signaling inhibition improves mouse survival and attenuates weight loss. (A) Schematic depiction of the mouse treatment algorithm up to week 24. (B) Kaplan--Meier curve showing the survival probability of mice treated with radiotherapy (RT) either alone or in combination with galunisertib (LY2157299 monohydrateor LY), imatinib (IM) or SU9518 (SU). Statistical analysis performed by log-rank test. (C) Changes in animal body weight after irradiation and treatment with galunisertib, imatinib or SU9518. Graphs depict mean values +/− SD. Statistical analysis performed by paired Student\'s *t*-test; \**p* \< 0.05.

High resolution CT of mouse lungs {#s0002-0002}
---------------------------------

Two mice of each treatment group were randomly selected for lung density imaging using high resolution CT (HR-CT). HR-CT images were taken at weeks 16, 20 and 24 after irradiation on a Siemens Somatom Plus four multi-slice CT scanner (Erlangen, Germany) using an inter-slice distance of 0.5 mm.

Lung density was expressed in Hounsfield units (HU). Slices at the level of the tracheal bifurcation and maximum cardiac diameter were chosen for analysis, and four regions of interest (ROIs) were defined in each selected slice: right and left anterior, right and left posterior, resulting in eight individual density values per mouse lung. The total arithmetic mean ± standard deviation (SD) was calculated and used as a quantitative parameter for lung density and fibrosis. For all imaging examinations, mice were anesthetized with inhalative isoflurane.

Magnetic resonance imaging of mouse lungs {#s0002-0003}
-----------------------------------------

Magnetic resonance imaging (MRI) scans of mouse lungs were conducted using the same two randomly selected mice from each group that were also used for CT scanning. Images were taken 1 week before and 2, 12, 16, 20 and 24 weeks after irradiation using a Siemens Magnetom Symphony Syngo MR 2004A scanner (1.5 Tesla). T2-weighted images were used to gather further information on increased lung density as they have the potential differentiate between pulmonary fibrosis and edema. Given the high breathing frequency of mice, no gating or motion correction has been performed resulting in specific motion artifacts, resulting in slightly limited image quality.

Lung histology {#s0002-0004}
--------------

For histological analysis, two mice were euthanized after 2 d as well as 2, 12, 16, 20 and 24 weeks after thoracic RT. Lung tissue was fixed by intratracheal instillation of 4% formalin in PBS and then embedded in paraffin and sectioned at 5 µm, before staining with hematoxylin-eosin (H&E), Masson\'s trichrome and Sirius red. Inflammatory cells were counted in 10 randomly chosen slides from each sample, and septal thickness was analyzed morphometrically. Osteopontin was detected using a specific monoclonal antibody (Abcam, ab69498). Visualization was carried out using biotinylated secondary antibodies followed by an avidin-biotin peroxidase complex (Vectastain, PK6100) and 3, 3′-diaminobenzidine as a chromogen (Vectastain, PK6100). Images were captured using a Nikon Eclipse E600 microscope equipped with a Nikon digital sight DS-U1 (Nikon, Chiyoda, Tokyo, Japan).

Gene expression profiles of lung tissue {#s0002-0005}
---------------------------------------

Pulmonary gene expression was analyzed at 24 weeks after irradiation to assess the effects of RT and PDGF or TGFβ pathway inhibition on mouse lungs. RNA was extracted from treated animals\' lung tissue; it was labeled using an Agilent One Color RNA Spike-In kit (Agilent Technologies, Wilmington, USA) and consecutively purified with a NucleoSpinR RNA L kit (Macherey-Nagel, Düren, Germany). Gene expression profiles were then acquired with a whole human genome microarray 4 × 44 k (\#G4112F, Agilent Technologies). Hybridization signals were detected on an Agilent Microarray Scanner and data extracted using Agilent feature extraction software (Agilent, Version 9.1). Expression data were analyzed using SUMO software (SUMO --- Statistical Utility for Micro array and Omics data; <http://angiogenesis.dkfz.de/oncoexpress/software/sumo>) using ANOVA with Bonferroni correction. Genes were considered regulated (normalized vs. untreated controls) if substantially (\>2-fold) and significantly (*p* \< 0.05) regulated. The gene array data have been submitted to the GEO repository and the accession number is GSE65011.

Statistical analysis {#s0002-0006}
--------------------

Mouse survival curves were calculated using the Kaplan--Meier method, and log-rank tests were used to assess statistical differences between treatment groups. All quantitative values are given as mean values ± SD. Two-tailed *t*-tests were used for parametric comparisons between two groups, and the Kruskall--Wallis test for ordinal data (Statistica 6.0). *p* \< 0.05 was considered statistically significant.

Results {#s0003}
=======

PDGF and TGFβ inhibition improve survival after thoracic irradiation {#s0003-0001}
--------------------------------------------------------------------

Mice were treated with a single radiation fraction of 20 Gy to the thorax, resulting in a significant reduction of survival compared to untreated animals (*p* \< 0.01, log-rank test) ([Fig. 1B](#f0001){ref-type="fig"}). Addition of galunisertib or SU14816 to the treatment schedule led to a small but non-significant increase in mouse overall survival compared to irradiation alone (*p* = 0.19 for galunisertib, *p* = 0.11 for SU14816, log-rank test). PDGF inhibition using SU9518 significantly attenuated the observed reduction in survival especially during the early period up to 16 weeks after radiation treatment (*p* \< 0.05, log-rank test). Combined inhibition of PDGF and TGFβ signaling through a combination of galunisertib + SU14816 as well as galunisertib + SU9518 after RT significantly improved mouse survival rates in comparison to sole IR treatment (*p* \< 0.05 for both combinations, log-rank test).

The adverse effects of thoracic irradiation in mice were also reflected in increased weight loss after treatment ([Fig. 1C](#f0001){ref-type="fig"}). While untreated mice had 6 g of weight gain on average, irradiated animals gained less than 2 g of body weight during the 24 weeks follow-up period. Weight loss was attenuated when either PDGF or TGFβ signaling was inhibited after RT (*p* \< 0.05, Student\'s *t*-test). In contrast to the effects seen for mouse survival, a combined inhibition of both pathways did not lead to an additional improvement in body weight compared to single-agent inhibition of either pathway (*p* \< 0.05).

HRCT measurement of lung density after thoracic irradiation {#s0003-0002}
-----------------------------------------------------------

High resolution computed tomography (HRCT) examinations were carried out at 16, 20 and 24 weeks after irradiation to assess morphologic changes in lung density caused by thoracic IR treatment. After 16 weeks, typical radiological features of lung fibrosis were observed in irradiated mice, including irregular septal thickening, patchy reticular abnormalities with intralobular opacities and honeycombing ([Fig. 2A](#f0002){ref-type="fig"}). At weeks 20 and 24, these radiological signs of fibrosis became even more prominent, suggesting a progressive course of fibrosis development after irradiation. Single-agent treatment with either PDGFR inhibitors SU14816 or SU9518 or TGFβR inhibitor galunisertib as well as combination treatments markedly reduced the radiological signs of fibrogenesis for all analyzed time points after IR treatment. Additionally, a quantitative assessment of lung density (quantified in HU) was carried out as a measure for pulmonary fibrosis ([Fig. 2B](#f0002){ref-type="fig"}). While the RT only group showed strongly increased density values compared to the control group for all measured time points, both single-agent and combined inhibition of PDGF and TGFβ signaling markedly attenuated the increase in lung density induced by thoracic RT (*p* \< 0.05 for all inhibitors, Student\'s *t*-test). However, the limited resolution of HRCT analysis did not allow a statistically significant distinction between the individual efficiencies of the different agents with regard to average lung density. Treatment with the inhibitors without irradiation did only transiently result in a slightly increased pulmonary density at week 20 (Fig. S1). Figure 2.PDGF and TGFβ signaling inhibition reduce radiological signs of pulmonary fibrosis after irradiation. (A) Sample CT images of mouse thoraces at 16, 20 and 24 weeks after irradiation and treatment with galunisertib (LY), imatinib (IM) or SU9518 (SU). Black arrows indicate areas of increased lung density. (B) Quantification of mouse pulmonary density at three different time points after treatment with ionizing radiation and PDGF or TGFβ inhibitors. Average density was measured in Hounsfield units from four standardized regions of interest at the level of the tracheal bifurcation. Graphs depict mean values +/− standard deviation. Statistical analysis was performed by 2-tailed Student\'s *t*-test. \**p* \< 0.05; \*\*\**p* \< 0.001. (C) T1-weighted FLASH MRI images of mouse thoraces taken at 16, 20 and 24 weeks after irradiation and treatment with galunisertib (LY), imatinib (IM) or SU9518 (SU).

MRI measurement of lung density after thoracic irradiation {#s0003-0003}
----------------------------------------------------------

MRI was performed to further characterize the increased lung density observed after thoracic irradiation. In mice treated only with irradiation, T1-weighted MRI images revealed hyperintense signals that were first detected at week 12 and covered the whole lung parenchyma by week 24, suggesting increased tissue density due to pulmonary fibrosis ([Fig. 2C](#f0002){ref-type="fig"}). Mice treated with either SU14816 or SU9518 or galunisertib after irradiation exhibited predominantly physiological lung tissue comparable to that of untreated controls; only discreet hyperintense signals were detected in peripheral lung sections towards the end of the observation period, indicating the onset of mild pulmonary fibrosis. Lungs from animals treated with a combination of PDGFR and TGFβR inhibitors showed no signs of pathological alterations in tissue architecture during the complete observation period. T2-weighted images did not reveal any pulmonary edema or pleural effusion as a reaction of irradiated lungs to IR treatment at any observation point (Fig. S2).

PDGF and TGFβ inhibition attenuate radiation-induced septal fibrosis development {#s0003-0004}
--------------------------------------------------------------------------------

Pulmonary septal thickness was analyzed in irradiated mouse lungs to quantify the morphological and functional changes during the course of radiation-induced fibrogenesis and to assess potential beneficial effects of PDGF and TGFβ inhibition.

Septal thickness began to increase at 12 weeks after RT and was shown to further increase during the observation period ([Fig. 3A, B](#f0003){ref-type="fig"}). At 24 weeks after thoracic irradiation, septal thickness in the RT group was severely elevated, corresponding to a strong increase in interstitial collagen fiber deposition as assessed by Sirius red staining ([Fig. 3A](#f0003){ref-type="fig"}, lower panel). Treatment of mice with PDGF inhibitors SU14816 or SU9518 or TGFβ inhibitor galunisertib after irradiation markedly reduced pulmonary septal thickness at all tested time points ([Fig. 3B](#f0003){ref-type="fig"}, *p* \< 0.001, Student\'s *t*-test). The combination of PDGF and TGFβ signaling inhibition resulted in an incremental, significant attenuation of pulmonary fibrosis compared to single-agent treatment. In such conditions, septal diameters were similar to untreated control at weeks 20 and 24 (*p* \< 0.001, Student\'s *t*-test). Figure 3.Combined PDGF and TGFβ signaling inhibition reduce radiation-induced thickening of pulmonary septa and invasion of inflammatory cells. (A) Sample images of treated mouse lungs stained with hematoxylin-eosin, Masson\'s trichrome and Sirius red. (B) Average thickness of mouse pulmonary septa after irradiation and treatment with galunisertib (LY), imatinib (IM) or SU9518 (SU). (C) Quantification of leukocyte infiltration of irradiated mouse lungs. Graphs depict mean values +/− SD. Statistical analysis was performed by Student\'s *t*-test; \*\*\**p* \< 0.001.

In addition, leukocyte infiltration was quantified to assess the inflammatory component of radiation-induced pulmonary fibrosis development ([Fig. 3C](#f0003){ref-type="fig"}). At 12 weeks after RT, the observed onset of septal fibrosis development was accompanied by a peak in leukocyte infiltration. Between weeks 16 and 24, leukocyte counts were decreasing, but without reaching baseline levels. Treatment of irradiated animals with SU14816, SU9518 or galunisertib resulted in a massive reduction of leukocyte infiltration at week 12 (*p* \< 0.001 for all treatment groups, Student\'s *t*-test), and continued to show smaller effects on leukocyte counts during the extended observation period. At later time points between 20 and 24 weeks, combined PDGFR and TGFβR inhibition showed a significant decrease of leukocytes compared to irradiated tissue, while single agent treatment with either PDGFR or TGFβR inhibitors resulted in non-significant changes in leukocyte invasion compared to irradiated mice.

H&E staining of mouse lungs at week 12 after RT demonstrated numerous alveolar macrophages containing cellular debris as well as formations of fibroblast foci in the alveolar interstitium ([Fig. 3A](#f0003){ref-type="fig"}). Up to week 24, the observed interstitial fibroblast foci expanded and coalesced into large, cell-dense areas. Masson\'s trichrome and Sirius red stainings revealed vast areas of fibrotic lesions by week 24 after thoracic RT. Treatment of irradiated mice with PDGF or TGFβ inhibitors resulted in a strong reduction of fibroblast invasion, collagen deposition and other histologically visible signs of tissue fibrosis, while these drugs did not have any effect on lung architecture in unirradiated animals (Fig. S3). The observed reduction in fibrotic changes was even more pronounced when PDGF and TGFβ signaling were simultaneously blocked.

PDGF and TGFβ inhibition modify radiation-induced expression of fibrogenic genes {#s0003-0005}
--------------------------------------------------------------------------------

Gene expression profiles were analyzed using mouse lung tissue harvested at week 24. Using a critical *p* value of 0.002 with Bonferroni correction for the 1 factor ANOVA a number of 225 significantly regulated genes were detected and clustered in a heatmap resulting in three major clusters ([Fig. 4A](#f0004){ref-type="fig"}). Cluster *a* contains a large group of genes affected by the different combinations of drug treatment (PDGFR-inhibitors Imatinib or SU and the TGFBR inhibitor galunisertib) and not influenced by radiation. The small group of genes in cluster *b* were upregulated by radiation and normalized or inhibited by drug treatments including SPP1 (Osteopontin, see fig B and [Fig 5](#f0005){ref-type="fig"}) which may be associated with the antifibrotic drug effects. Cluster *c* contains genes which were mainly regulated by the combination of irradiation plus PDGFR-inhibition but were largely independent of TGFBR inhibition. Figure 4.Gene expression profile of mouse lung tissue treated with ionizing irradiation and PDGF or TGFβ signaling inhibition. (A) Heat map showing the patterns of gene regulation after thoracic irradiation of mice and/or treatment with galunisertib (LY), imatinib (IM) or SU9518 (SU) and combinations. Three main clusters arise from a 1 factor ANOVA analysis: Cluster *a* groups genes which were mainly activated by the combinatory treatment of PDGFR-inhibitors (Imatinib or Su) with the TGFBR inhibitor galunisertib (LY). Irradiation had only a minor influence. Genes in cluster *b* were upregulated by radiation and normalized or inhibited by drug treatments which may be associated with their antifibrotic effects including SPP1 (Osteopontin, see B and [Fig. 5](#f0005){ref-type="fig"}). Cluster C contains genes which are mainly activated by the combination of irradiation plus PDGFR-inhibition largely independent of TGFBR inhibition. (B) Relative mRNA expression of genes involved in PDGF and TGFβ signaling. Graphs depict mean values +/− SD. Statistical analysis was performed by Student\'s *t*-test; \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001. Figure 5.Radiation-induced Osteopontin expression is attenuated by PDGF or TGFβ signaling inhibition. (A) Relative mRNA expression of the SPP1 gene encoding the Osteopontin protein after thoracic irradiation and treatment with galunisertib (LY), imatinib (IM) or SU9518 (SU). Graphs depict mean values +/− SD. (week 24; Student\'s *t*-test; \**p* \< 0.05 ). (B) Representative slides showing the time course of Osteopontin (OPN) staining of mouse lungs after radiation treatment and inhibition of PDGF and TGFβ signaling. (C) Quantification of Osteopontin staining in mouse lungs. For assessment of OPN expression, the intensity of cytoplasmic and cell membranous immunostaining was pathologically scored on anordinal scale of 0 (absence), 1+ (weak), 2+ (moderate), and 3+ (strong). Graphs depict mean values +/− standard deviation. (Kruskall--Wallis test; \**p* \< 0.05 RT vs. RT+ monotherapy; \*\**p* \< 0.05 RT+ monotherapy vs. RT+ dual therapy).

Detailed analyses of genes that could influence fibrogenesis showed that radiation with a single dose of 20 Gy resulted in a significantly increased expression of *PDGFRA* and *PDGFC* (*p* \< 0.05, Student\'s *t*-test) ([Fig. 4B](#f0004){ref-type="fig"}). *STAT1* as a downstream target of the PDGF receptor was significantly upregulated in mice after radiation, while *STAT3, STAT5A, STAT5B* and *STAT6* were downregulated upon thoracic RT (*p* \< 0.05). Treatment with PDGFR inhibitors SU9518 or SU14816 resulted in decreased expression of *PDGFRA, PDGFC* and the PDGF-associated gene *STAT1* as well as a significant increase in *STAT5B* and *STAT6* levels compared with RT only lung tissue (*p* \< 0.05). Blockade of the PDGF receptors also resulted in a reduced expression of *TGFBR2* encoding the TGFβ receptor 2 (*p* \< 0.05). TGFβ inhibition reduced the expression of *TGFBR1* and significantly influenced the expression of the PDGF-dependent downstream regulators *STAT1, STAT5B* and *STAT6* (*p* \< 0.05). Combined inhibition of PDGF and TGFβ pathways in unirradiated tissue showed a significant upregulation of PDGFRA and PDGFD as well as TGFβ2 (Fig. S4). While certainly not all results of the genome-wide gene expression analysis can be explained with a high degree of certainty, here we speculate that the effective long term inhibition of PDGF and TGFβ signaling prompted a compensatory escape mechanism resulting in a transcriptional upregulation of the genes. This effect did obviously not occur when radiation was present. This may point to a more intricate crosstalk of PDGF, TGFβ and radiation than is currently known. In fact, upon lung irradiation, dual pathway blockade markedly reduced expression of *PDGFRA, PDGFC, TGFBR1, TGFBR2* compared to tissue only treated with 20 Gy (*p* \< 0.05). In contrast, *STAT5B* and *STAT6* were found to be significantly upregulated by a combined treatment with PDGFR and TGFβR inhibitors (*p* \< 0.05).

PDGF and TGFβ inhibition attenuate radiation-induced expression of Osteopontin {#s0003-0006}
------------------------------------------------------------------------------

The chemokine Osteopontin is encoded by the *SPP1* gene and has been suggested as a mediator for the invasion of profibrotic fibroblasts and hence as a biomarker for pulmonary fibrosis.[@cit0021]

Irradiation of mouse lungs with 20 Gy induced a 3-fold increase in the expression of SPP1 compared to the untreated controls ([Fig. 5A](#f0005){ref-type="fig"}). This increase was found fully abrogated when radiation treatment was followed by single-agent PDGF or TGFβ inhibition as well as combined blockade of both pathways. Immunohistochemical analysis of Osteopontin protein expression showed a 2-fold increase in staining intensity in mouse lung tissue at 12 weeks and a 3-fold increase at 24 weeks after irradiation ([Fig. 5B and C](#f0005){ref-type="fig"}). Animals treated with SU14816, SU9518 or galunisertib after thoracic RT did not have an increase in Osteopontin protein expression at either time point after treatment. We also observed an additional benefit of combined inhibition of PDGF and TGFβ signaling compared to single-agent inhibition of either pathway individually ([Fig. 5C](#f0005){ref-type="fig"}, *p* \< 0.05).

Discussion {#s0004}
==========

In this analysis, we examined the effects of dual inhibition of the PDGF and TGFβ pathways by small-molecule inhibitors to achieve an attenuation of radiation-induced lung damage and pulmonary fibrosis. Using two different PDGFR inhibitors, SU9518 and SU14816 (imatinib) and the specific TGFβR inhibitor, galunisertib, we found that dual-pathway blockade after thoracic irradiation was not only feasible and safe to treat irradiated animals, but also showed a significantly higher efficiency in reducing radiologic and pathologic signs of radiation-induced pulmonary fibrosis compared to single-agent treatment. These findings correlated well with the observed mouse health where mice treated with agents inhibiting both signaling pathways showed a significantly increased overall survival compared with animals treated with radiation alone or single inhibition of either pathway.

The role of PDGF and TGFβ signaling in the development of pulmonary fibrosis has been well established (reviewed in[@cit0024] and[@cit0025]), and upregulation of components of the PDGF and TGFβ signaling cascades has been reported in lung tissues after thoracic RT.[@cit0002] Based on the rationale that both pathways play an important role in mediating pulmonary fibrosis, earlier publications have demonstrated improvements in the development of radiation-induced fibrosis by blocking either PDGF or TGFβ effects in animal models.[@cit0002]

In the present study, PDGFR inhibition was achieved with either SU9518 or SU14816. SU9518 is a highly selective inhibitor of PDGF receptors α and β has been shown to block PDGFR kinase activity and PDGFR-induced cellular proliferation.[@cit0029] SU14816 (imatinib) was developed as an inhibitor of tyrosine kinase ABL and introduced into the clinic as an agent against chronic myelogenous leukemia; it has additional activity against c-Kit and PDGF receptors α and β; hence, the activities of SU9518 and SU14816 overlap regarding the inhibition of PDGF receptors.[@cit0031] Galunisertib is a highly selective inhibitor of TGFβR1 that was demonstrated to completely inhibit phosphorylation and activation of several of the receptor\'s downstream targets.[@cit0020]

In recent years, in-depth analysis of profibrotic signaling has produced evidence for interconnections between the PDGF and TGFβ pathways: In studies examining bleomycin-induced lung damage both *in vitro* and in animal models, the profibrotic impact of TGFβ signaling was demonstrated to be regulated by the PDGF pathway and in turn mediated expression of PDGF[@cit0010]; additionally, small molecule inhibitors of PDGF receptors were shown to also influence TGFβ-mediated profibrotic effects on lung fibroblasts.[@cit0013] The data demonstrate crosstalk between the PDGF and TGFβ signaling cascades and suggest the existence of a feedback loop between the two pathways. Supporting these notions of a connection between both pathways, our gene expression data revealed reduced levels of TGFβR2 by PDGF inhibition, and reversely, downregulation of the PDGF downstream target STAT1 by blockade of the TGFβ pathway. Notwithstanding this overlap and considering the various interdependent cascades within an intricate signaling network involved in many biological processes, the idea of blocking more than one pathway has become consequential for the treatment of various diseases including malignant diseases.[@cit0034] In our dataset, combined inhibition of PDGF and TGFβ signaling showed additional benefits regarding pulmonary fibrosis development and mouse survival when compared to inhibition of each pathway alone despite a hypothesized interaction between the two analyzed signaling cascades. As both the PDGF and TGFβ-mediated signal transductions employ redundant downstream mediators and may also involve several other "fibrogenic" signaling pathways, single-agent inhibition of either pathway likely does not achieve complete blockade of both cascades. Additionally, we observed that only upon dual pathway inhibition, PDGFRA and PDGFD as well as TGFB2 were found to be significantly upregulated in lung tissue. This increase in expression suggests a mechanism to compensate for the loss of TGFβ and PDGF signaling and hence implies an efficient blockade of both pathways as compared to single-agent inhibition.

Pulmonary fibrosis can be elicited by various detrimental agents or conditions, but the pathophysiological steps resulting in the development of the disease are similar irrespective of the nature of the initial trigger. IPF has the highest prevalence with between 65 and 81 cases per 100,000 people.[@cit0037] Due to the often fatal nature of this disease, there have been strong research efforts in recent years to identify viable treatment options. Pirfenidone is one of the two drugs that are currently approved for IPF in the clinic.[@cit0038] Intriguingly, pirfendidone has been shown to act as a partial TGFβ antagonist,[@cit0039] which may also strengthen the concept of TGFβ inhibitors in radiation-induced lung fibrosis. Similarly, the other drug recently clinically approved for IPF, nintedanib, is a PDGFR small molecule inhibitor itself.[@cit0040]

With respect to the animal model, bleomycin-induced lung fibrosis models have been widely used to unravel the underlying mechanisms of pathogenesis.[@cit0010] However, instillation of bleomycin has been shown to highly accelerate fibrogenesis and results in fibrotic remodeling after only 2 weeks.[@cit0044] Therefore, despite common steps toward pulmonary fibrogenesis, the radiation-induced model may allow a more generalized transfer of findings to other forms of pulmonary fibrosis. Our model employing ionizing radiation led to a delayed course of fibrogenesis taking up to 24 weeks and may therefore resemble the development of pulmonary fibrosis in humans more closely.[@cit0002] Additionally, the stepwise thickening of lung septa and increase in pulmonary density as demonstrated here by CT and MR imaging as well as the continuous increase in collagen fiber deposition and fibroblast foci aggregation shown in histological samples of irradiated mouse lungs have been shown to also occur in the human disease.[@cit0045] Therefore, it is conceivable that the beneficial effects of combined PDFGR and TGFβR inhibition on radiation-induced pulmonary fibrosis may be transferrable to other forms of fibrotic disease of the lung.

The secreted glycoprotein, Osteopontin has been shown to mechanistically contribute to fibrogenesis and was therefore suggested as a useful biomarker for the diagnosis and progression of different forms of pulmonary fibrosis.[@cit0021] In our data set, radiation-induced pulmonary fibrosis was associated with highly increased expression of Osteopontin both on the mRNA and protein level, in line with findings published from patients with idiopathic pulmonary fibrosis.[@cit0048] One cannot exclude that Osteopontin levels were correlative and for example at least partially caused indirectly by hypoxia and HIF signaling. However, the significantly reduced levels of the biomarker Osteopontin by both PDGF and TGFβ-inhibiting drugs, which was enhanced by their combination, was associated with a strong reduction of fibrotic disease activity. This may support the notion for a more causative role for Osteopontin in radiation-induced lung fibrogenesis.

Our gene expression data ([Fig. 4](#f0004){ref-type="fig"}) derived from lung samples at week 24 demonstrated the effects of monotherapies but also showed the complicated effects of combinatorial treatments. We found that radiation-upregulated genes such as SPP1 (Ostepontin) were downregulated by TGFβ and PDGF blockade. Thus, the expression data generated hypotheses for the potential beneficial antifibrotic drug effects, but also reflected the intricate signaling network that emerges long after the causative events had occurred. The expression data also reflected the shorter administration of the TGFβR inhibitor galunisertib (given for 4 weeks from week 2 to 6) compared with the PDGFR blockade which was given for 22 weeks throughout from week 2 until the end of observation at week 24. Likewise, the antifibrotic effects of galunisertib (administered for 4 weeks) could have been more prominent vs. PDGF inhibition (given for almost 6 mo). One reason for the 4 week only administration time was the shorter half life in plasma and the necessary BID oral gavage which makes it difficult to study long-term administration due to potential local side effects. Another reason was the avoidance of unwanted side effects by an overly long TGFβ inhibition.[@cit0049]

Generally, the STAT proteins are thought to play an important role in fibrogenesis in most organs.[@cit0050] For example, IFNγ, a pleiotropic cytokine produced by T cells and NK cells, plays fundamental roles in innate and acquired immune responses, and transcriptional responses induced by IFNγ in most cells are mediated through the Jak-STAT pathway. Inhibitors of the Jak-STAT pathway are generally thought to inhibit fibrosis. However, the picture in the literature is conflicting, and the knowledge in the radiation context in the lungs is scarce. In general, STAT1 is thought to be a negative regulator of fibrosis, while the role of STAT2 is largely unknown.[@cit0052] STAT3 has been reported to have antifibrotic effects but the definitive role of STAT3 and the IL6-STAT3 pathway in lung fibrosis is unclear and the published results are conflicting.[@cit0053] The role of STAT4 in fibrosis is obscure with IL12 activation of STAT4 in immune cells inducing inflammation. STAT5 has been shown to have anti-fibrotic effects.[@cit0055] The role of STAT6 remains unclear in the literature. We found that radiation resulted in upregulated STAT1, but in downregulated the other STAT genes, while the PDGF and TGFβ inhibition counteracted the effects of radiation. Taken together, our data support the notion that the STATs are important regulators in radiation-induced lung fibrogenesis, but at the same time suggest a distinct time and context dependence.

Furthermore, despite the different timings of the treatments, the overlapping sections in the Venn diagrams (Fig. S5) showed that several genes were collectively regulated in the different groups. This may support a fibrosis associated network concept triggered by the interaction of radiation and drugs resulting in both gene expression and phenotypic consequences long after the initiating events.

Beyond their involvement in the development of pulmonary fibrosis, there is emerging evidence that an inhibition of PDGF and TGFβ signaling may also increase antitumor effects of RT.[@cit0030] This is interesting on a basic science level, because it links fibrogenesis with cancer, but may also be of translational interest, especially in the treatment of lung cancer, when signaling inhibition could act as both RT enhancer and reducer of side effects. One specific novelty of the presented study is the combined use of two agents to attenuate radiation-induced fibrosis and radiation-induced side effects in general. To our best knowledge, such a combinatorial strategy has not been reported. This aspect is interesting since in a therapeutic context for example with respect to cancer treatments, a combinatorial use of agents has been advocated in particular for targeted drugs.

The limitations of our study include the non-specificity of the PDGF signaling inhibitors SU9518 (sunitinib analog) and SU14816 (imatinib). One cannot completely exclude effects on other kinases because both drugs do have off target effects and inhibit other kinases; although with less potency and the significant overlap for PDGF only. Further limitations are the potential side effects in the clinical setting. Known potential side effects of PDGF-inhibiting drugs like Sunitinib (Sutent™) or Imatinib (Glivec™) use include vascular and homeostatic effects potentially leading to bleeding, swelling, blood pressure changes, rashes, fatigue, nausea and others. For TGFβ targeting clinical experience is more scarce, but all strategies are faced with the fact that TGFβ signaling is ubiquitously involved in many normal physiological functions including immune response. Long-term suppression of this pathway may lead to harmful off-target effects including for example effects on major vessels that might be enlarged by combined PDGF blockade. Other limits of the study include the use one high dose radiation rather than demonstrating a dose response including fractionation; the impossibility to completely understand the mechanisms of interaction of several drugs and radiation over 6 mo due to limits of animal numbers or limits of IHC staining for a complete inflammatome response. Moreover, although the antifibrotic effects and consecutive extension of the mouse life span were remarkable, the animals were not completely cured from the fibrotic lung disease, and it is likely that they still died prematurely.

However, despite these limitations we could show that the combination of TGFβ and PDGF blockade was an effective preclinical strategy to attenuate radiation-induced pneumonitis and lung fibrosis. With the clinical availability of such compounds our study suggests that this combination may offer a promising approach for clinical translation in lung cancer or other tumor entities.
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